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Abstract 
The effect of alkaline-earth oxide additions on aqueous rechargeable battery is 
investigated using microscopic and spectroscopic techniques. The alkaline-earth oxide 
additions such as magnesium oxide (MgO) and barium oxide (BaO) were physically 
mixed to  the manganese dioxide (MnO2) cathode of a cell comprising zinc as an 
anode and aqueous lithium hydroxide as the electrolyte. The results showed that such 
additions greatly improved the discharge capacity of the battery (from 145 to 195 for 
MgO and 265 mAh/g for BaO). Capacity fade with subsequent cycling is reduced 
only for MgO but not for BaO. With an aim to understand the role of these additives 
and its improvement in cell performance, we have used microscopy, spectroscopy, ion 
beam analysis and diffraction based techniques to study the process. Transmission 
electron microscopy (TEM), and energy dispersive x-ray spectroscopy analysis (EDS) 
results showed evidence of crystalline MnO2 particles for MgO as additive, whereas, 
MnO2 particles with diffused structure leading to mixture of phases is observed for 
BaO additives which is in agreement with x-ray diffraction (XRD) data. This work 
relates to improvement in the electrochemical behavior of the Zn-MnO2 battery while 
the  MgO  additive  helps  to  reduce  the  formation  of  manganese  and  zinc  such  as 
hetaerolite that hinders the lithium intercalation. 
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Introduction  
  Manganese dioxide (MnO2) has  been intensively  investigated as  promising 
electrode  (cathode)  material  in  a  battery  system  [1-2]  and  electrochemical  super 
capacitors [3-4] due to its excellent physical and chemical properties. The attractive 
features for implementing MnO2 based material for battery application is the cost, 
non-toxicity and also an abundant transition metal. Hence, MnO2 type batteries are 
attractive for energy storage applications i.e. electric vehicles that require plenty of 
materials in the current market. Today, MnO2 as a cathode is used in alkaline primary 
as  well  as  secondary  batteries  [5].  An  alkaline  battery  has  zinc  (Zn)  anode  and 
manganese  dioxide  (MnO2)  cathode  with  either  potassium  hydroxide  or  sodium 
hydroxide as an electrolyte. The Zn/MnO2 battery is now well developed [6]. All the 
available  literature  [7-10]  on  alkaline  cells  is  pertained  to  the  proton  insertion 
mechanism into MnO2. We reported that when MnO2 is discharged in cells containing 
aqueous lithium hydroxide (LiOH) electrolyte the mechanism appeared to be very 
different i.e. instead of proton (H
+) insertion, reversible lithium (Li
+) intercalation-
deintercalation occurs into the host MnO2. This resulted in opening up a new field of 
rechargeable batteries using aqueous solutions. Further to this, we demonstrated that 
good  rechargeability  could  be  obtained  by  suppressing  the  non-rechargeable 
discharged products like MnOOH, Mn2O3 and Mn3O4 while adding small amounts of 
additives into the MnO2 cathode [11-13]. These manganese oxides and hydroxides 
compounds are detected because of the alkaline (LiOH) media. 
  In a recent paper [14] we reported an electrochemical behaviour into the effect 
of alkaline-earth oxide additions to the MnO2 cathode with LiOH as the electrolyte. 
We found that the initial  discharge  capacity is improved for both  the magnesium 
oxide (MgO) and barium oxide (BaO) additives but the capacity fade on multiple Page 3 of 25
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cycling is reduced only for MgO. In this paper, the mechanism involved on the battery 
performance is extensively investigated with an aims to (a) understand the role of 
MgO or BaO additives by comparing the electrochemical results with those of the 
previously published data [14] and  (b) examine the electrode reactions of the initially 
discharged and multiple discharged cathode using X-ray diffraction (XRD), ion beam 
(elastic recoil detection) analysis, transmission electron microscopy (TEM) associated 
with energy dispersive (EDS) analysis.  
 
Experimental 
The cell design, experimental details, and the method for preparing cathode 
samples  have  been  described  elsewhere  [14].  The  EMD  (electrolytic  manganese 
dioxide; -MnO2) type (IBA sample 32) material used in this work was purchased 
from the Kerr McGee Chemical Corporation. Alkaline earth oxides i.e. magnesium 
oxide  (MgO)  and  barium  oxide  (BaO)  were  obtained  from  Sigma  Aldrich.  The 
cathode has been prepared from MnO2 by physical admixture of at least one of the 
alkaline-earth oxides such as magnesium oxide (MgO) or barium oxide (BaO). A 
cathode structure for an aqueous secondary battery comprise 73 wt% MnO2, 15 wt% 
acetylene black as conductive powder, 10 wt% poly (vinylidene difluoride) (PVDF, 
Sigma-Aldrich) as binder and 2 wt% alkaline-earth oxide additive material uniformly 
mixed in a mortar and pestle and pressed to form a disk-like pellet. The pellet is 8 mm 
diameter and 0.5 mm thickness. The electrolyte was a saturated solution of lithium 
hydroxide (LiOH) containing 1 mol.L
-1 zinc sulphate (ZnSO4) with a pH equivalent of 
10.5. 
The  morphology  and  interplanar  spacings  of  the  products  formed  for 
discharged MnO2 samples were characterized by transmission electron microscopy Page 4 of 25
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(TEM), associated with energy dispersive spectra (EDS) using a JEOL 2010F TEM 
model  operated  at  200kV.  TEM  specimens  were  prepared  by  grinding  a  small 
fragment scraped from the pressed pellet under methanol and dispersing on a holey 
carbon support film. Specimens were examined at liquid nitrogen temperature in a 
cooling stage, to reduce beam damage and contamination effects. For X-ray analysis a 
Siemens D500  X-ray  diffractometer  5635  using  Co-K  radiation  was  used. The 
voltage and current were 30 kV and 40 mA. The scan rate was 1 degree per minute. 
Two theta values were recorded between 20 and 80 degrees. Elemental concentrations 
of the MgO and BaO modified MnO2 samples were quantified through the elastically 
forward scattered recoil atoms of the sample. This technique is referred to as elastic 
recoil detection analysis (ERDA). For ERDA analysis, the studies were performed on 
a 10 MV tandem ion beam accelerator using a 35 MeV Cl
5+ ion beam with re-coiled 
particles being detected at 45
ο. The forward-recoiled atoms were mass-analysed using 
a  time-of-flight  detection  system.  Both  the  TEM  and  ERDA  experiments  were 
conducted  using  the  facilities  of  the  Australian  Nuclear  Science  and  Technology 
Organisation (ANSTO), Australia.  
 
Results and Discussions 
The influence of alkaline-earth oxide additives on the galvanostatic discharge-
charge behaviour of the manganese dioxide (MnO2) cathode in a Zn-MnO2 battery 
using lithium hydroxide (LiOH) as an electrolyte is reported in one of our earlier 
publication [14]. The cycling behaviour of manganese dioxide (MnO2) cathode in the 
presence of 2 wt. % magnesium oxide (MgO) or barium oxide (BaO) additive has 
been investigated here and compared (in Fig. 1) with additive free MnO2. The MgO or 
BaO  added  MnO2  was  found  to  result  in  significantly  improved  initial  discharge Page 5 of 25
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capacity of 196 and 265 mAh/g respectively compared to the additive free cell which 
shows  just  145  mAh/g.  However,  the  capacity  of  the  BaO  added  cell  decreases 
quickly (to 106 mAh/g) upon cycling and approached the value similar to that of 
additive free cathode after 25 cycles. Interestingly, the MgO added cell retains the 
cyclability to 140 mAh/g after 25 cycles and improved the cell capacity to 25%. This 
demonstrates  that  alkaline-earth  oxides  have  influences  on  the  electrochemical 
behavior of the MnO2 cathode but not in a similar mechanism that observed for a 
range of other additives (TiB2 [11]; TiS2 [12], Bi2O3 [13]) in that the formation of 
non-electroactive forms of manganese (MnOOH, Mn2O3 and Mn3O4) are suppressed. 
Surprisingly, in the alkaline earth oxide modified cathodes, the XRD patterns of the 
discharged product showed these non-electroactive forms of manganese still exist, as 
discussed in the following section. 
Figures  2-4  show  x-ray  diffraction  patterns  of  the  alkaline  earth  oxide 
modified MnO2 cathodes before and after discharge, and after multiple cycles. The 
before discharge material (Fig. 2) shows the characteristic peaks of MnO2, MgO and 
BaO as quoted in the JCPDS database respectively (44-0143; 45-0946; 26-177). The 
main  Bragg  reflection  corresponding  to  graphite  (acetylene  black)  is  seen  at  2 
=30(C). The XRD pattern of the discharged MnO2 for additive free cathode (in Fig 
3a) is similar to that reported earlier [13] with a formation of hetaerolite (ZnO.Mn2O3) 
[15]. The alkaline earth oxide modified discharged cathode (Fig. 3b and c) shows the 
2 (+) are replaced by 
those of a number of new phases whereas the peak corresponding to C (graphite) is 
almost unchanged.  As indexed in the XRD pattern these new reflections are in good 
agreement  with  those reported in  the JCPDS database for the following  materials: 
Mn2O3  0.5MnO2 (●) i.e. lithium intercalated MnO2. This shows Page 6 of 25
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that during discharge, manganese is (in part) reduced to various oxyhydroxides and 
lithium  is  also  intercalated  into  the  MnO2  structure  to  form  LixMnO2.  The  peaks 
corresponding to the new phases in the BaO modified discharged cathode (Fig. 3c) is 
higher in intensity indicating that the manganese is reduced to a larger extent, resulting 
in  higher  discharge  capacity,  as  evidenced  in  the  cycling  behaviour  (Fig.  1).  The 
presence of manganese oxides and hydroxides as the secondary compounds in the 
discharged  product  indicates  that  the  role  of  alkaline  earth  oxide  additives  didn’t 
suppress  the  non-electro  active  compounds  and  it  behaved  differently  from  our 
previously investigated additives [11-13]. The XRD pattern for the multiple cycles of 
the MgO modified cathode material (Fig. 4a) is quite similar to that of the initial 
discharged cycle (Fig. 3b) indicating that the structure is reversible. The LixMnO2 
peaks were very similar suggesting that lithium insertion mechanism is reversible in 
the electrochemical process. However, peaks corresponding to manganese oxides and 
hydroxides i.e. non-rechargeable products were increased in peak intensity on multiple 
cycles  thus  resulting  in  a  small  fade  in  capacity  (in  Fig.  1).    These  secondary 
compounds are well known to be electrochemically inactive. Interestingly, for multiple 
cycles of the BaO modified MnO2 cathode (Fig. 4b) a major reflections corresponding 
to LixMnO2 (●) and MnOOH (o) are not present. However, a reflection corresponding 
to Mn3O4 (+) can be observed. The absence of Mn
3+ (MnOOH and Mn2O3) in the 
XRD pattern suggests that the BaO addition does prevent the dissolution of Mn
3+ from 
the  solid  MnO2.  The  XRD  diffraction  pattern  of  the  BaO  added  cell  revealed 
differences in the discharged product obtained during initial (Fig. 3c) and multiple 
cycles  (Fig.  4b).  To  confirm  the  presence  of  lithium  in  the  cathode  elastic  recoil 
detection  analysis  (ERDA)  was  performed  on  the  multiple  discharged  cathodes. 
ERDA analysis for the MgO modified cathode (Fig. 5a) confirmed the presence of Page 7 of 25
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lithium and its concentration were higher than that observed for BaO modified cathode 
(Fig. 5b) implying MgO is more reversible. Further, to better understand the role of 
these additives in MnO2 and its mechanism, morphology and lattice imaging of the 
discharged cathode material were extensively investigated by TEM and its associated 
techniques.  
The TEM image of the initial and multiple discharged MnO2 for additive free 
cathode  is  shown  in  figure  6  a  &  c.  The  bright  field  image  showed  the  initial 
discharged  MnO2  to  be  crystalline  and  after  multiple  cycles  a  diffusive  pattern  is 
observed.  The  corresponding  selected  area  diffraction  pattern  (SADP)  showed  a 
crystalline like pattern with bright spots (in Fig. 6b) for initial cycles while with a 
diffused pattern (in Fig. 6d) for multiple cycles supporting the bright field images. 
Hence,  the  resultant  discharged  product  consists  of  mixed  phases  like  crystalline 
LixMnO2 and amorphous manganese oxides and hydroxides. The TEM images of the 
MgO modified MnO2 particles after multiple cycles (in Fig. 7c) were similar to those 
in the initial discharged state (in Fig. 7a). The corresponding selected area diffraction 
(SADP in Figs. 7 b-d) yielded spacings consistent with lithium intercalated MnO2. 
This supports the XRD results that the product obtained upon discharge is reversible. 
Bright  field  imaging of the BaO modified MnO2 particles  after the first  discharge 
cycle showed them to be highly crystalline (in Fig. 8a). However, the corresponding 
selected  area diffraction pattern of the initial  (in Fig. 8b) and multiple discharged 
cathodes (in Fig. 8d) distinguishes the variations between them. The MnO2 was poorly 
crystalline, resulting in diffuse diffraction features after multiple cycles (as seen in 
Figs.  8c-d).  This  indicates  that  the  structure  is  not  reversible,  hence  the  loss  in 
discharge capacity for BaO modified cathode. Now the question is why MgO more 
reversible than BaO additive? In order to elucidate the role of barium oxide in the Page 8 of 25
Accepted Manuscript
  8 
LiOH  electrolyte,  the  discharged  cathode  was  characterised  using  TEM  associated 
with EDS technique. Bright field TEM image for the BaO modified MnO2 cathode 
after the multiple discharge cycle is shown in Figure 9. The general morphology of the 
MnO2 cluster is similar to the original material but individual crystals appear to be like 
spongy. The corresponding EDS spectra of this spongy region (Spectra “Sp” 7) show 
regions of polycrystalline zinc oxide in the vicinity of the MnO2 cathode. EDS spectra 
recorded from the Zn region associated with MnO2 (Sp 9) invariably contained small 
amounts of zincate ions which is from the Zn anode. In another region of labelled (Sp 
6 in Fig. 10) shows barium rich area is associated with sulphate suggesting barium 
oxide is reduced to barium sulphate over time in the LiOH electrolyte. This allows the 
formation of zincate ions near the MnO2 cathode forming a byproduct double oxide of 
manganese and zinc such as hetaerolite (ZnO.Mn2O3 or ZnMn2O4) [15-17]. Such a 
byproduct  of  discharge  reaction  lowers  electron  conductivity  of  MnO2  electrode 
causing an increase in its internal resistance while hindering intercalation mechanism 
thereby causing an increase in concentration polarization. The elemental depth profile 
analysis (Fig. 5b) showed Zn concentration is higher in the cathode. This result in a 
capacity  fade  as  observed  for  BaO  modified  cathode  in  Fig.  1.  The  bright  field 
imaging of the MgO modified MnO2 cathode after multiple discharge is shown in Fig. 
11. The corresponding EDS analysis in the region labelled Sp1, does not show any 
evidence for the formation of zincate or sulphate ions, supporting the ERDA analysis 
in Fig. 5a. This suggests MgO additive blocks the zincate ions into the region of MnO2 
cathode thereby the formation of hetaerolite is prevented. This enhances the cyclability 
of the MgO modified cathode in Fig. 1. Therefore, addition of alkaline earth oxides 
leads to a better utilization of MnO2 cathode, nevertheless MgO behaves differently 
from BaO in terms of cycleability.  Page 9 of 25
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Based upon these results, it can be concluded that the performance of MgO 
additive is superior to the range of other additives (TiB2 [11]; TiS2 [12], Bi2O3 [13]; 
B4C or B4N [18]; CeO2 [19]) investigated for MnO2 cathode. This could be explained 
in terms of the nature of MgO, which has a unique characteristic, like acting as a 
binder to fuse the MnO2 grains and helps in reducing the porosity [20]. Hence, an 
optimum MgO content (2 wt.%) in the MnO2 cell improves its rechargeability. 
Conclusions 
The electrochemical behavior reported here showed the effect of alkaline earth 
oxide additions to  MnO2  enhanced the performance of the  Zn-MnO2  battery.  The 
addition of 2 wt. % MgO or BaO additives to MnO2 resulted in a significantly higher 
discharge capacity. The barium oxide additive reduced to barium sulphate over time 
in the LiOH electrolyte which allowed the formation of zincate ions from Zn anode in 
the  vicinity  of  the  MnO2  cathode  thereby  forming  the  by  product  hetaerolite 
(ZnO.Mn2O3  or  ZnMn2O4).  The  discharged  product  of  the  MgO  modified  MnO2 
characterized by TEM showed that MgO helps to reduce the formation of hetaerolite 
while improving the reversibility of the lithium intercalation-de intercalation process. 
The  formation  of  hetaerolite  deteriorated  the  host  MnO2  structure  resulting  in  a 
capacity fade for unmodified and BaO modified cathode.  
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Figure Captions 
Fig.  1  Zn-MnO2  battery  using  LiOH  electrolyte  illustrating  the  cycling  profile  of 
manganese dioxide (MnO2) cathode containing (a) additive-free (b) MgO and (c) BaO 
2 wt.% additives. An improved cell capacity is observed for MgO and BaO additions 
to the MnO2 cathode. The capacity of the cell decreases quickly on cycling for BaO 
additive and approaches the capacity similar to that of additive free cathode. 
Fig.  2  XRD  pattern  of  the  manganese  dioxide  (MnO2)  cathode  containing  (a) 
additive-free (b) MgO and (c) BaO 2 wt. % additives before discharge. 
Fig. 3 XRD pattern of the discharged manganese dioxide (MnO2) cathode containing 
(a) additive-free (b) MgO and (c) BaO 2 wt.% additives. 
Fig. 4 XRD pattern of the multiple discharged manganese dioxide (MnO2) cathode 
containing (a) MgO and (b) BaO 2 wt. % additives. 
Fig.  5  ERDA spectrum of the  elemental  concentration  of the multiple discharged 
manganese  dioxide  (MnO2)  cathode  containing  (a)  MgO  and  (b)  BaO  2  wt.  % 
additives.  The  depth  profile  analysis  (thickness  in  atoms/cm
2)  of  the  elemental 
distribution is shown schematically. 
Fig. 6 TEM images and its selected area diffraction patterns (SADP) of the discharged 
MnO2 for unmodified cathode. (a-b) initially discharged and (c-d) multiple discharged. 
Diffraction  patterns  in  Figures  6  (b-d)  are  crystalline  and  diffusive  respectively, 
implying  the  presence  of  amorphous  manganese  oxy  hydroxides  compounds  upon 
cycling. 
Fig. 7 TEM images and its selected area diffraction patterns (SADP) of the discharged 
MnO2  for  MgO  (2  wt.%)  modified  cathode.  (a-b)  initially  discharged  and  (c-d) 
multiple discharged. Diffraction patterns in Figures 7 (b-d) are identical implying the 
structure is versatile for reversibility. 
Fig. 8 TEM images and its selected area diffraction patterns (SADP) of the discharged 
MnO2  for  BaO  (2  wt.  %)  modified  cathode.  (a-b)  initially  discharged  and  (c-d) Page 13 of 25
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multiple discharged. Diffraction patterns in Figures 8 (b-d) are not identical implying 
the structure is not reversible. 
Fig. 9 Bright field image and its energy dispersive analysis (EDS) of the multiple 
discharged MnO2 for BaO (2 wt. %) modified cathode. Bright field image showing 
clustered Zn area (sp 7) and Zn associated with MnO2 areas (sp 8-11) (term “sp” 
refers to spectra). The EDS spectra of locations sp7 and sp9, elements are shown in 
the figure. The high peak intensity of Zn and Mn refers there is a formation of zincate 
ions in the BaO added MnO2 cathode.  
 
Fig. 10 Bright field image and its energy dispersive analysis (EDS) of the multiple 
discharged MnO2 for BaO (2 wt. %) modified cathode. Bright field image showing 
clustered Ba rich area (sp 6) (term “sp” refers to spectra). The EDS spectra of location 
sp6, elements are shown in the figure. The presence of peaks corresponding to Ba & S 
refers that barium is associated with sulphate suggesting that BaO may be reduced to 
BaSO4 – that allows the zincate ions to reach the MnO2 cathode.  
 
Fig. 11 Bright field image and its energy dispersive analysis (EDS) of the multiple 
discharged MnO2 for MgO (2 wt. %) modified cathode. Bright field image showing 
clustered  Mn  rich  area  (sp  1)  (term  “sp”  refers  to  spectra).  The  EDS  spectra  of 
location sp1, elements are shown in the figure. The absence of peaks corresponding to 
Zn & S suggests there is no formation of zincate or sulphate ions. Hence the presence 
of MgO blocks the zincate ions to reach the MnO2 cathode.  
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Research Highlights 
 
 
  Alkaline  earth  oxide  (MgO  or  BaO)  modified  MnO2  cathodes  offer  an 
improved discharge capacity (from 145 to 195 for MgO and 265 mAh/g for 
BaO). Somewhat surprisingly, the improvement seems higher for BaO  and 
approaching the theoretical value, which is 308 mAh/g for the MnO2. 
 
  The role of these additives in the MnO2 cathode is found not to suppress the 
formation  of  non-rechargeable  products  (manganese  oxides  and  oxy 
hydroxides)  but  may  reduce  the  access  of  zinc  ions  to  the  MnO2,  without 
which owes to the formation of ZnO.Mn2O3 product at the cathode that retards 
the cyclability. 
 
  The barium oxide additive reduced to barium sulphate over time in the LiOH 
electrolyte which allowed the formation of zincate ions from Zn anode in the 
vicinity  of  the  MnO2  cathode  thereby  forming  the  by  product  hetaerolite 
(ZnO.Mn2O3 or ZnMn2O4). This deteriorated the cycling ability.  
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Fig.  1  Zn-MnO2  battery  using  LiOH  electrolyte  illustrating  the  cycling  profile  of 
manganese dioxide (MnO2) cathode containing (a) additive-free (b) MgO and (c) BaO 
2 wt.% additives. An improved cell capacity is observed for MgO and BaO additions 
to the MnO2 cathode. The capacity of the cell decreases quickly on cycling for BaO 
additive and approaches the capacity similar to that of additive free cathode. 
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Fig.  2  XRD  pattern  of  the  manganese  dioxide  (MnO2)  cathode  containing  (a) 
additive-free (b) MgO and (c) BaO 2 wt. % additives before discharge. 
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Fig. 3 XRD pattern of the discharged manganese dioxide (MnO2) cathode containing 
(a) additive-free (b) MgO and (c) BaO 2 wt.% additives. 
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Fig. 4 XRD pattern of the multiple discharged manganese dioxide (MnO2) cathode 
containing (a) MgO and (b) BaO 2 wt. % additives. 
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Fig.  5  ERDA spectrum of the  elemental  concentration  of the multiple discharged 
manganese  dioxide  (MnO2)  cathode  containing  (a)  MgO  and  (b)  BaO  2  wt.  % 
additives.  The  depth  profile  analysis  (thickness  in  atoms/cm
2)  of  the  elemental 
distribution is shown schematically.        
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    (c)     (d) 
Fig. 6 TEM images and its selected area diffraction patterns (SADP) of the discharged 
MnO2 for unmodified cathode. (a-b) initially discharged and (c-d) multiple discharged. 
Diffraction  patterns  in  Figures  6  (b-d)  are  crystalline  and  diffusive  respectively, 
implying  the  presence  of  amorphous  manganese  oxy  hydroxides  compounds  upon 
cycling. 
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 (a)    (b) 
  (c)  (d) 
Fig. 7 TEM images and its selected area diffraction patterns (SADP) of the discharged 
MnO2  for  MgO  (2  wt.%)  modified  cathode.  (a-b)  initially  discharged  and  (c-d) 
multiple discharged. Diffraction patterns in Figures 7 (b-d) are identical implying the 
structure is versatile for reversibility. 
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 (a)  (b) 
 (c)   (d) 
Fig. 8 TEM images and its selected area diffraction patterns (SADP) of the discharged 
MnO2  for  BaO  (2  wt.  %)  modified  cathode.  (a-b)  initially  discharged  and  (c-d) 
multiple discharged. Diffraction patterns in Figures 8 (b-d) are not identical implying 
the structure is not reversible. 
 
Figure(s)Page 23 of 25
Accepted Manuscript
  1 
                          
         
0 2 4 6 8 10
1000
2000
3000
4000
5000
Cu Zn
Zn
C
o
u
n
t
s
Energy / KeV
C
O
Mn
Zn
Mn
Sp 7
0 2 4 6 8 10
1000
2000
3000
4000
5000
Cu Zn
Zn
C
o
u
n
t
s
Energy / KeV
C
O
Mn
Zn
Mn
Sp 9
 
Fig. 9 Bright field image and its energy dispersive analysis (EDS) of the multiple 
discharged MnO2 for BaO (2 wt. %) modified cathode. Bright field image showing 
clustered Zn area (sp 7) and Zn associated with MnO2 areas (sp 8-11) (term “sp” 
refers to spectra). The EDS spectra of locations sp7 and sp9, elements are shown in 
the figure. The high peak intensity of Zn and Mn refers there is a formation of zincate 
ions in the BaO added MnO2 cathode.  
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Fig. 10 Bright field image and its energy dispersive analysis (EDS) of the multiple 
discharged MnO2 for BaO (2 wt. %) modified cathode. Bright field image showing 
clustered Ba rich area (sp 6) (term “sp” refers to spectra). The EDS spectra of location 
sp6, elements are shown in the figure. The presence of peaks corresponding to Ba & S 
refers that barium is associated with sulphate suggesting that BaO may be reduced to 
BaSO4 – that allows the zincate ions to reach the MnO2 cathode.  
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Fig. 11 Bright field image and its energy dispersive analysis (EDS) of the multiple 
discharged MnO2 for MgO (2 wt. %) modified cathode. Bright field image showing 
clustered  Mn  rich  area  (sp  1)  (term  “sp”  refers  to  spectra).  The  EDS  spectra  of 
location sp1, elements are shown in the figure. The absence of peaks corresponding to 
Zn & S suggests there is no formation of zincate or sulphate ions. Hence the presence 
of MgO blocks the zincate ions to reach the MnO2 cathode.  
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